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Abstract. Paramecium tetraurelia wild-type (7S) cells 
respond to 2.5 mM veratridine by immediate trichocyst 
exocytosis, provided [Ca2+]o (extracellular Ca 2§ concen- 
tration) is between about 10 -4 to 10 -3 M as in the culture 
medium. Exocytosis was analyzed by light scattering, 
light and electron microscopy following quenched-flow/ 
freeze-fracture analysis. Defined time-dependent stages 
occurred, i.e., from focal (10 nm) membrane fusion to 
resealing, all within 1 sec. 

Veratridine triggers exocytosis also with deciliated 
7S cells and with pawn mutants (without functional cil- 
iary Ca channels). Both chelation of Ca2+ o or increasing 
[Ca2+] o to 10 -2 M inhibit exocytotic membrane fusion. 
Veratridine does not release Ca 2§ from isolated storage 
compartments and it is inefficient when microinjected. 
Substitution of Na§ for N-methylglucamine does not 
inhibit the trigger effect of veratridine which also cannot 
be mimicked by aconitine or batrachotoxin. We con- 
clude that, in Paramecium cells, veratridine activates Ca 
channels (sensitive to high [Ca2+]o ) in the somatic, i.e., 
nonciliary cell membrane and that a Ca 2§ influx triggers 
exocytotic membrane fusion. The type of Ca channels 
involved remains to be established. 
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Introduction 

In a variety of secretory systems Ca 2+ plays a pivotal role 
in the regulation of membrane fusion during exocytosis 
(Cheek, 1989; Plattner, 1989; Cheek & Barry, 1993; Fa- 
solato, Innocenti & Pozzan, 1994). This is also true for 
Paramecium cells (see review by Plattner et al., 1991), a 
ciliated protozoan. In addition to membrane fusion, Ca 2§ 
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is required to initiate the release of trichocyst contents by 
rapid decondensation (Bilinski, Plattner & Matt, 1981; 
Matt & Plattner, 1983). While this step clearly requires 
extracellular Ca 2§ (Ca2+o) , the source of Ca 2§ for mem- 
brane fusion might be different depending on the secre- 
tagogue used. Polyamines, like aminoethyldextran 
(AED), induce membrane fusion (Plattner et al., 1984; 
Plattner, Sttirzl & Matt, 1985) even in the absence of 
Ca2+ o (Knoll, Braun & Plattner, 1991; Knoll et al., 1993). 
We found, by electron spectroscopic imaging (ESI) after 
fast freezing, that the subplasmalemmal Ca 2§ concentra- 
tion, [Ca2+]i, increases during AED stimulation (Knoll et 
al., 1993). From both these observations, we conclude 
that Ca 2§ is released from "alveolar sacs," the extensive 
subplasmalemmal Ca 2+ storage compartments (Stelly et 
al., 1991), during AED triggering (Knoll et al., 1993). 
In the present work where we analyzed the other secre- 
tagogue applicable to Paramecium,  i.e., veratridine 
(Knoll, Kerboeuf & Plattner, 1992), fractions of these 
sacs were also used in parallel to microinjection studies. 

In a study on ciliary regulation, veratridine was sug- 
gested to activate V-dependent Ca channels (Schultz & 
Schade, 1989). These are the ion channels of Parame- 
cium which are most extensively characterized in the 
literature (see reviews by Machemer, 1988; Preston, 
1990; Preston & Saimi, 1990). While this might hold 
true, we show in the present paper the following aspects 
pertinent to exocytosis stimulation: (i) veratridine trig- 
gers exocytosis in both deciliated wild-type cells as well 
as in pawn mutants devoid of ciliary V-dependent Ca 
channels (for details, see Discussion). (ii) The stimula- 
tory effect depends on Ca2+ o, although it is inhibited by 
high [Ca2+] o. 

In higher eukaryotic cells veratridine acts as a Na 
channel agonist, just like aconitine or batrachotoxin (for 
review, see Hille, 1992). This aspect was therefore in- 
cluded in our analyses, although with negative results. 
Another methodical aspect was the differentiation be- 
tween (i) membrane fusion (dependent on [Ca2+] i in- 
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crease [Lumpert, Kersken & Plattner, 1990; Plattner et 
al., 1991; Knoll et al., 1993]) and (ii) trichocyst decon- 
densation (dependent on the presence of [Ca2§ o > 10 -5 M 
[Bilinski et al., 1981; Matt & Plattner, 1983; Knoll et al., 
1991, 1993]). If (ii) were selectively inhibited, it would 
be difficult to ascertain aspect (i), e.g., by light micro- 
scopic (LM) analysis. Patch-clamp or electron micro- 
scope (EM) analysis would be advised. Since patch 
clamp analysis is not applicable to Paramecium cells 
because of their large size and rigid surface relief, we 
combined a new quenched-flow procedure (Knoll et al., 
1991) with freeze-fracture analysis. This allowed a 
quantitative EM analysis of dynamic membrane events 
(fusion, pore expansion and resealing) in relationship to 
LM and light scattering analysis of exocytosis as a 
whole. These methods were used in parallel for mutual 
control and since trichocyst exocytosis has not been pre- 
viously recorded by light scattering. Within the frame 
indicated in Results, all these evaluation methods gave 
well-compatible data. 

Materials and Methods 

CELL CULTURES 

Wild-type (7S) cells and the pawn mutant d4-500r (devoid of func- 
tional ciliary V-dependent Ca channels [Saimi & Kung, 1980; Haga et 
al., 1982]) were grown at 25~ to early stationary phase as described 
previously (Plattner et al., 1980). Under these conditions the medium 
contains 1.7 mM K § 0.4 mM Na § and 0.15 mM of each Ca 2+ and Mg 2+ 

(Plattner et al., 1980). 
7S cells were eventually deciliated by a new protocol (M. Mo- 

mayezi, this laboratory, unpublished), using M14 household detergent 
under LM control. Briefly, cells were washed in 5 mM PIPES buffer 
pH 7.0, supplemented with KC1 and CaC12, 1 mM each. To 100 ktl of 
cells we added 1 ~tl of M14 (1.0% v/v stock solution in water), imme- 
diately followed by 30 sec centrifugation (1,000 rpm in a Heraeus- 
Christ Minifuge [Osterode, Germany] equipped with a swing-out rotor) 
and addition of the same buffer, but without M14. If cells, according 
to LM control, were insufficiently deciliated, the time period of M14 
application was extended up to 1 min. The method resulted in decili- 
ation of -80  to 90% of the cell surface, as observed in the LM. 

Veratridine was also tested with individual deciliated cells. Ver- 
atridine was placed with a micropipette to perfectly deciliated sites 
(resulting in exocytosis). To exclude mechanical side-effects, controls 
were done by application of buffer solution only (without effect). 

CHEMICALS AND SOLUTIONS 

AED was synthesized and applied as described (Plattner et al., 1984, 
1985). Veratridine (Sigma, Deisenhofen, Germany) was first dissolved 
in HC1 and titrated to pH 7.3. Other compounds listed in Results were 
also of the highest purity available. 

LIGHT MICROSCOPY AND MICROINJECTIONS 

Equal parts of cells (with cations as listed above) and of agents to be 
analyzed (in 10 mM Tris/HCl pH 7.3 for final use) were mixed and 

evaluated under a phase contrast microscope. Rating was achieved by 
estimating the amount of trichocysts released as described previously 
(Plattner et al., 1984, 1985). Since cells do not tolerate well 2.5 mM 
veratridine over longer time periods, samples were analyzed immedi- 
ately or diluted 1:10 with buffer. Cells fully recover and can be taken 
in culture again when veratridine is diluted within -20  sec after appli- 
cation. Deleterious effects would increasingly occur only beyond this 
time period. 

In some experiments we microinjected 7S cells with veratridine 
(2.5 mM estimated final intracellular concentration) under conditions 
specified elsewhere (Kersken et al., 1986), using phase contrast optics. 
This set-up was also used for exogenous application of veratridine at 
sites of total deciliation, just as previously described for AED (Plattner 
et al., 1984). 

LIGHT SCATTERING EVALUATION 

Equal volumes of concentrated cells (250,000/ml) in culture medium 
and trigger (or buffer) solutions were mixed. In a control experiment 
trichocysts released by AED were removed by low speed centrifugation 
(250 x g • 10 rain). Immediately after triggering samples were ana- 
lyzed in a FACScan (Becton Dickinson, Heidelberg, D) cell analyzer 
with a 488 nm laser and 1,024 channels for measuring 90 ~ light scat- 
tering intensities. 

QUENCHED-FLow, FREEZE-FRACTURE AND E M  ANALYSIS 

Cells were concentrated and subjected to quenched-flow analysis using 
AED as described by Knoll et al. (1991), or using 2.5 mM veratridine 
after mixing with equal volumes of cells in the apparatus (German 
patent 39 30 605 by H. Plattner and G. Knoll). For some experiments, 
cells were incubated with some other compounds to be tested, as in- 
dicated in Results. 

Pt/C replicas were produced in a Balzers freeze-fracture device 
type BAF 300 equipped with electron beam evaporators. They were 
evaluated in a Zeiss EM 912 Omega or an EM 10 electron microscope. 
Nonoverlapping random pictures (up to six per cell) were taken at 
16,000x magnification from nonselected cell membrane fractures (up 
to 30 evaluated per experiment). This was repeated with three inde- 
pendent experiments. Lower sample sizes were taken only for some 
pilot experiments. Evaluation of ultrastructural changes during exocy- 
tosis was carried out on 2.2• magnified prints. Stages for classification 
of ultrastructural changes during exocytosis were as specified previ- 
ously (Olbricht, Plattner & Matt, 1984; Knoll et al., 1991). 

Since freeze-fracture replicas contain small and large PF-face 
portions of cells, we computed the median of each of the respective 
stages per cell before averaging over all samples from all experiments 
of a specific type. This accounts for the necessarily unequal sample 
sizes per cell and allows for unconditional statistics. Up to 500 exo- 
cytosis sites were thus analyzed per experiment. 

EXPERIMENTS WITH ISOLATED C a  STORES 

Subplasmalemmal Ca stores, "alveolar sacs," were isolated in purified 
form according to Stelly et al. (1991). Fractions contained in 20 mM 
Tris/maleate buffer pH 7.2 + 250 mM sucrose + 5 mM MgC1 z were 
incubated for 30 min with 10 ~M carrier-free 45Ca2§ (Amersham 
Buchler, Braunschweig, Germany) in an adenosine-trisphosphate 
(ATP) regenerating system (1.5 mM ATP; 5 mM phosphocreatine + 5 
U/ml phosphocreatine kinase [Sigma]), before 2.5 mM veratridine was 
added for additional 15 sec or 10 min in the same medium. Control and 
experimental samples were stopped after the same time (30 min + 15 
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Fig. 1. LM surveys of 7S cells responding to 2.5 mM veratridine by exocytosis of needle-like, decondensed trichocysts. (a) Untriggered, (a') after 
adding veratridine. (b,b') Veratridine added in the presence of 10 mM Ca 2+, showing inhibition by Ca 2+ (b) which can be overcome by adding 1,2 
gM AED (b'). (c,c') 10 mM N-methylglucamine has no effect per se (c) and does not inhibit veratridine-triggered exocytosis (c'). Phase contrast, 140x. 

sec or 30 min + 10 min) by adding 100/,tl of sample to 3 ml of ice-cold 
250 mM sucrose + 40 mM NaC1 pH 7.2 and washed twice in the same 
solution on Whatman glass microfiher filter sheaths type GF/C (What- 
man Int., Maidstone, England). The radioactivity retained was mea- 
sured in a Beckman liquid scintillation counter type LS 5000TD. 

Results 

SECRETAGOGUE EFFECT OF VERATRID1NE 

Stimulation of trichocyst exocytosis by veratridine is 
documented in Fig. 1. With veratridine, higher molar 

concentrations are required (Knoll et al., 1992) than with 
the standard secretagogue, AED (Plattner et al., 1985). 
Table 1 summarizes ECs0 and ECtoo values derived from 
these studies. EC1o o implies immediate release of almost 
all of the trichocysts docked at the cell surface, i.e., of 
-95% of the whole trichocyst population, while -5% 
float inaccessibly in the cytoplasm (Plattner, Knoll & 
Pape, 1993). In trigger experiments described below, the 
medium usually contained [Ca2+]o = 0.15 rnM and [Na+]o 
= 0.40 mM (see Materials and Methods). With 2.5 mM 
veratridine this yields 85% exocytosis stimulation, as de- 
rived from our previous data (Knoll et al., 1992). 
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Table 1. ECso and EC1o o of secretagogues, AED or veratridine, ap- 
plied to 7S cells a 

Compound ECso EClo o Reference 

AED, taM 1.1 1.4 Plattner et al. (1985) c 
Veratridine, mM b 1.3 10.0 Knoll et al. (1992) c 

The media used for application are specified in Materials and Meth- 
ods. t 'rhe concentration of 2.5 rnM usually used releases 85% of dis- 
chargeable trichocysts. CFor more details, s e e  these references. 

Figure 1 shows cells before (a) and immediately 
after adding veratridine (a'). Upon discharge, trichocyst 
contents stretch several-fold by contact with Ca 2+ in the 
medium (Bilinski et al., 1981) after fusion pore forma- 
tion. Therefore, the inhibitory effect of increased 
[Ca2+]o on veratridine-triggered exocytosis (Fig. lb) 
must be due to inhibition of membrane fusion, as ascer- 
tained in the EM (see below). Subsequent AED addition 
can overcome this inhibition (Fig. lb'), since it operates 
over a large [Ca2+] o range (Plattner et al., 1985). Since 
veratridine is an established Na channel agonist in higher 
eukaryotic systems (see Introduction), we ruled out this 
effect for exocytosis stimulation in Paramecium, since 
substituting N-methylglucamine for Na § in the medium 
(Fig. lc, c') or increase of [Na+]o to 10 n ~  did not alter 
the response. 

The appearance of large needles allows for quanti- 
tation by counting in the LM and by light scattering. 
In Fig. 2 the left scattering peak represents cells, the right 
one released trichocysts, for the following reasons. (i) 
The right-hand peak shows up only when trichocysts 
were released into the medium (LM control). (ii) Its 
height correlates with the number of trichocysts released 
by different concentrations of AED as an established 
secretagogue. (iii) It disappears when discharged 
trichocysts are removed. Some variation in peak posi- 
tion might be due to the tendency of trichocysts to ag- 
gregate. Similarly, some shift of the left peak might 
reflect cell contraction and/or loss of internal (con- 
densed) trichocysts. The examples presented in Figs. 1 
and 2 are representative of the rating used in Table 2, 
based on LM and light scattering evaluation. For exam- 
ple, Fig. 2 clearly reflects the trigger effect of veratridine 
and its inhibition by 10 rnM [Ca2+]o . Both evaluation 
methods are compatible with EM analysis (see below) 
which, however, has to rely on enormously smaller sam- 
ple sizes. Therefore, the different evaluation methods 
have been combined. 

The trigger effect achieved under different experi- 
mental conditions is summarized in Table 2. It shows, in 
addition, that Ba z+ (10 mM) also inhibits veratridine stim- 
ulation, and, that as with Ca 2+, this inhibition can be 
overcome by AED. Amiloride was also tested, for rea- 
sons indicated at the end of the Discussion, but it 
was found to exert no effect on veratridine-triggered 
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trichocyst exocytosis. Another result is that neither ac- 
onitine (0.25 raM) nor batrachotoxin (100 ktM) trigger 
trichocyst exocytosis. 

IRRELEVANCE OF CILIARY C a  CHANNELS 

Veratridine triggers exocytosis with deciliated 7S cells 
(Fig. 3b) equally well as with the pawn mutant d4-500r 
(Fig. 3a), as summarized in Table 2. This indicates the 
irrelevance of ciliary V-dependent Ca channels. 

Since deciliation was not always complete (see Ma- 
terials and Methods), we also applied veratridine, using a 
micropipette under LM control to cell surface regions 
showing complete deciliation (Fig. 4). Normal exocyto- 
sis always occurred at such sites. Mechanical effects 
were excluded by application of buffer only. 

VERATRIDINE ACTS ON THE CELL SURFACE 

Veratridine was also microinjected. This did not result 
in trichocyst exocytosis in contrast to exogenous appli- 
cation which also is paralleled by a [Ca2+]i increase vi- 
sualized by fluorochromes (data not shown). The final 
concentration of veratridine in the cell after microinjec- 
tion was -2.5 rr~ (as during exogenous application), as 
calculated from the concentration in the pipette and from 
the volume injected (estimated as outlined by Kersken et 
al., 1986). As with any injection study, local concentra- 
tions are difficult to estimate. However, injection studies 
with hydrophilic compounds of similar size have previ- 
ously shown that the lag time between injection and re- 
cognition of the effect on the exocytotic response is short, 
i.e., below 1 min (Lumpert et al., 1990). This supports 
our assumption that veratridine exerts its trigger effect on 
the cell surface. 

Similarly, veratridine does not release 45Ca 2+ from 
preloaded isolated Ca stores (Fig. 5), neither during short 
(15 sec) nor during long (10 rain) time applications. 
These data also underscore our assumption that veratri- 
dine acts directly on the cell membrane. 

ULTRASTRUCTURAL ANALYSIS 

EM analysis of ultrastructural changes in the cell mem- 
brane during veratridine stimulation by quenched-flow/ 
fast freezing and freeze-fracturing is important for vari- 
ous reasons (see Introduction). Figure 6 shows typical 
surveys of PF-faces and Figure 7 typical details. 

As described previously (see reviews by Plattner et 
al., 1991, 1993), exocytosis occurs at predetermined 
sites, i.e., in the middle of perpendicular ridges of the 
regular cell surface relief (Fig. 6a). An exocytosis site is 
delineated by a double ring of particles in whose center 
the site of actual membrane fusion displays a small group 
of large "rosette" particles in the unstimulated state 



H. Plattner et al.: Veratridine-Triggered Exocytosis 

19-" DRTR~C',SSC-H'.S$C-He igl ' , t  

| 

19" DRTRO~9\SSC-H',S$C-He i ~'~t 

| 

233 

�9 

19: DATR6egxSSC-H\SSC-He i ~ t 19: DRTRS~'SxS~C-I-IxS,~-He i gh t 

| 

! 9 -" DR TR~?2"xSSC -H",$SC -He  i ~ t ! 9 = DRTRO3?\S$C-H\$SC -He  i gh t 

i 
| Q 
Fig. 2. Light scattering analysis of trichocyst exocytosis with 7S cells. Relative frequencies, vertical, vs .  scattering intensity (angle), horizontal. 
(Data on top of diagrams are internal designations only). In addition to the peak caused by cells (left) an additional scattering peak (right) increases 
with increasing amounts of trichocysts released. (a) Untriggered cells. (b-d) Controls: AED-triggered cells. (b) Trichocysts released, but removed 
before assay; (c,d) cells triggered with ECIo (0.25 I.tM) or ECIo o (1.25 I-tM) of AED and measured in the presence of released trichocysts. (e,f) Cells 
triggered with veratridine (2.5 raM) and measured in the presence of released trichocysts, (e) containing [Cae+]o = 0.1 mM allowing for normal 
exocytosis, (f) [Ca2+]o = l0 mM which largely inhibits exocytosis. 
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Table 2. Exocytotic response (light microscopic evaluation) a to verat- 
ridine (2.5 mM) compared to other agents 

Experimental set-up Exocytotic 
response a 

(A) Wild-type cells (7S) 
Veratridine +++ 
Veratridine + Ca 2§ (10 mM) b 0 
Veratridine + Ca 2+ (10 mM) b --* 

AED (0.005 w/v % = 1.25 ~[M) 
Veratridine + Ba 2§ (10 raM) b 0 
Veratridine + Ba 2+ (10 mu) b ---> 

AED (1.25 I.tM) +++ 
Amiloride (1 rnM, 1 min) --> 

veratridine +++ 
EGTA (4.5 mM) --~ veratridine --* 0 
N-methylglucamine (10 M) 0 
N-methylglucamine (10 mM) ---> 

veratridine +++ 
Aconitine (0.25 mM) 0 
Batrachotoxin (100 I.tM) 0 

(B) Deciliated 7S cells 
Veratridine +++ 

(C) Pawn cells (d4-500r) 

Veratridine +++ 

a Exocytotic response: rating based on quantitation by trichocyst count- 
ing and light scattering (see Materials and Methods). Ratings: 0, no 
exocytosis; +, ~33% exocytosis; ++, 34 to 66% exocytosis; +++, 67 to 
100% exocytosis (100%, all trichocysts docked at the cell periphery are 
exocytosed), bAdded as chlorides. 

(Figs. 6a, 7a). Exocytotic openings are abundant already 
80 msec after veratridine stimulation (Fig. 6b), with di- 
ameters varying from "focal" fusion (Fig. 7b), to me- 
dium (c) and maximal size (d) equivalent to the diameter 
of a "ring." Figure 7e represents an early, (f) a late 
resealing stage, termed "filled ring" and "parenthesis," 
respectively. The latter indicates a collapse after detach- 
ment of empty trichocyst membranes. The stages are 
fully compatible with those obtained by AED stimulation 
and fast freezing (Knoll et al., 1991). Figure 6c, for in- 
stance, contains early resealing stages, thus indicating 
that inhibition of veratridine stimulation by high [Ca2+]o 
has been overruled by 80 msec AED application. This 
fully corresponds to LM data (Fig. lb'). 

Quantitative evaluation shows the following (Fig. 
8). In the untriggered state (a) 62% of docking sites are 
occupied by a trichocyst, as mirrored by the occurrence 
of a "rosette" (Plattner et al., 1991, 1993), while exo- 
cytotic openings and "filled rings" are rare or absent. 
"Parentheses" (nonoccupied trichocyst docking sites) 
contribute here by 26%. This is the normal situation 
(Plattner et al., 1993), thus excluding side-effects of the 
quenched-flow procedure. "Parenthesis" stages fluctu- 
ate between 14 and 26% throughout the whole diagram, 
with no systematic increase even after massive exocyto- 
sis. This has to be expected from their slow formation 

from "filled rings," with tl/2 = 3 min (Plattner et al., 
1993). Within 80 msec in positive controls, AED causes 
all "active" sites (not occupied by a trichocyst-free "pa- 
renthesis" stage) to form exocytotic openings (b) and no 
residual "rosettes" remain. Veratridine (2.5 mM) stim- 
ulates exocytosis (c,d), although less efficiently than 
AED, since the percentage of "rosettes" continues to 
decrease from 80 msec to 1 sec. After 80 msec of ve- 
ratridine application the percentage of remaining "ro- 
settes" is reduced from 62 to 29%, and after 1 sec to 
18%. This closely corresponds to the 15% of residual 
(nonreleased) trichocysts to be expected (see above) 
from the established dose-response curve (Knoll et al., 
1992) for the veratridine concentration applied. When 
EGTA is added in concentrations of 4.5 mM (resulting in 
a free Ca 2+ concentration of <0.3 • l0 -7 M, as measured 
by a Cae+-selective electrode [Lumpert et al., 1990]), this 
clearly inhibits veratridine-triggered exocytosis (e), as 
does 10 mM Ca 2+ (t) or, through less efficiently, Ba 2§ (h). 
Both phenomena can be overcome or bypassed by sub- 
sequent AED application (g,i). When (g) and (i) are 
compared with (b) in Fig. 8, it looks as if increased 
[Ca 2+] or [Ba 2+] would speed up the whole process of 
AED-elicited exocytosis. This aspect is now confirmed 
by more detailed analyses (H. Plattner and C. Braun, 
unpublished results). Clearly, the effect is different than 
with veratridine. 

One has to note that in Fig. 8 columns do not always 
sum up precisely to 100%, because from the stochastic 
data (collected from many individual freeze-fractured 
cells) we have calculated the medians in each case before 
averaging (see Materials and Methods). The essential 
features outlined above are statistically significant and 
the same tendencies were seen in several preparations. 
Small discrepancies between results obtained with verat- 
ridine by LM or light scattering on one side (Figs. 1, 2, 
Table 2) and EM evaluation (Fig. 8) on the other side can 
easily be explained, because only the last method pro- 
vides time resolution in the sub-second range. Further- 
more, for practical reasons we could apply only subop- 
timal veratridine concentrations in quenched-flow exper- 
iments (see above). Our data might indicate that 2.5 rnM 
veratridine would initiate exocytosis more slowly than an 
EClo o of AED, but this aspect has not been analyzed in 
any more detail. 

Discussion 

COMPARISON OF SECRETAGOGUES 

We have shown that veratridine triggers trichocyst exo- 
cytosis in Paramecium cells, although less efficiently 
than AED. This implies that the concentrations to be 
used are higher and that the time course observed is 
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Fig. 3. Irrelevance of ciliary V-dependent Ca channels for the trigger effect of 2.5 mM veratridine, as shown (a) with the pawn mutant d4-500r and 
(b) with deciliated 7S cells. Phase contrast, 140• 

Fig. 4. Phase contrast images of a deciliated 7S cell, showing residual cilia (ci) at its lower end, (a) before and (b) immediately after exogenous 
application of 2.5 mM veratridine at the asterisk, i.e., in a region devoid of cilia (delineated by bar). Trichocysts inside the cell are labeled by t, those 
after release by t' (rod-like structures), respectively. Massive exocytosis from the deciliated region causes lateral displacement of the cell. 1,500x. 

slower than with AED, at least under the conditions used 
(see Results). However, most importantly, veratridine 
causes normal ultrastructural stages of  exocytosis, in- 
cluding focal membrane fusion, pore expansion for con- 
tents release and normal membrane resealing (Figs. 6, 7), 
as we could observe in previous studies with AED (O1- 
bricht et al., 1984; Knoll et al., 1991). 

In our study, toxic side-effects can be excluded as an 
explanation for the trigger effect of  veratridine for the 
following reasons. (i) When veratridine is washed out 
after stimulation (for details, see Materials and Meth- 
ods), cells maintain full viability and can be used for 
re-culturing. (ii) When veratridine stimulation is inhib- 
ited by 10 m~ Ca 2+, cells still undergo normal (or rather 
accelerated) exocytosis upon subsequent AED applica- 
tion (Fig. 8). (iii) Ultrastructural changes accompanying 
veratridine-triggered exocytosis are identical as with 

AED which has no known side-effects (Plattner et al., 
1985). 

Both secretagogues can be reasonably assumed to 
operate via a [Ca2+]i increase (see Introduction), since 
both were recently found to induce Ca-dependent cur- 
rents in Paramecium (Erxleben & Plattner, 1994). The 
primary activation process must be quite different, how- 
ever, since stimulation of  exocytotic membrane fusion by 
veratridine is sensitive to Ca2+o (Table 2), while this is 
not so evident with AED which operates also in the 
absence of  Ca2§ (Knoll et al., 1991, 1993). Although 
Ca2§ o is required for veratridine-stimulated exocytotic 
membrane fusion, too high concentrations are inhibitory, 
as we found. At present we cannot explain this aspect 
which requires more detailed analysis. The different 
mechanisms of  veratridine and AED are also reflected by 
the observation that high [Ca2+]o, though inhibiting exo- 
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Fig. 5. Veratridine has no effect on Ca z+ uptake or release, as shown 
with isolated alveolar sacs. After 30 min preincubation with an ATP 
(1.5 mM) generating system in the presence of 10 ~M 45Ca2+, veratri- 
dine was added and the 4SCa 2§ retained was measured. Exposure to 
veratridine was for 15 sec (to check for rapid release) or 10 min (to 
check for slow release or latent uptake inhibition). Relative to the 
control after 30 min + 15 s (left), the control value after 30 + 10 min 
(right) has slightly increased (open bars), but no veratridine effects can 
be ascertained over 15 s or 10 min (shaded bars) within standard 
deviations. 

cytosis with veratridine, allows for exocytosis with AED 
(Figs. lb, b', 6c) which it even accelerates (see Results). 
In contrast to AED, activation of intracellular Ca pools 
by veratridine appears less likely since it requires ade- 
quate [Ca2+] o and causes neither trichocyst release after 
microinjection, nor Ca 2§ release from isolated stores (see 
Results). Interestingly, such activation may occur, e.g., 
with some, but not all, crayfish nerve-muscle synapses 
(Finger & Martin, 1989). However, at present we cannot 
strictly exclude secondary activation of internal Ca 
stores, e.g., by Ca2+-induced Ca 2§ release. 

On a speculative basis, our findings might imply for 
AED a more efficient delivery of Ca 2§ to exocytosis 
sites, possibly by site-directed release from closely at- 
tached alveolar sacs (Knoll et al., 1993; Erxleben & 
Plattner, 1994), whereas veratridine might activate a 
Ca 2§ conductance over the entire cell membrane (see 
below). In fact, exocytosis triggered by veratridine is 
slower than with AED (see Results). 

IONIC CONDUCTANCES POSSIBLY INVOLVED 

Which ion channels might be involved in Ca z+ entry 
during veratridine-stimulated trichocyst exocytosis? 
Veratridine is a Na channel agonist in higher eukaryotic 
cells (Barnes & Hille, 1988; for review, see Hille, 1992). 
However, we have excluded this effect by showing that 
substitution of N-methylglucamine for Na § in the me- 
dium does not abolish the veratridine effect. The secre- 
tagogue effect of veratridine is independent over a wide 
[Na§ range (data not shown). Furthermore, other Na 
channel agonists, like aconitine (Mozhayeva et al., 1977; 
Ghiasuddin & Sodeflund, 1984; Hille, 1992) or batra- 
chotoxin (Dubois, Schneider & Khodorov, 1983; Ghia- 
suddin & Sodeflund, 1984, Khodorov, 1985; Hille, 1992; 
Cordell, 1993) do not trigger exocytosis. Although this 
would lend further support to our arguments, it must be 
noted that their pharmacology in Paramecium has not yet 
been established. 

In agreement with the present study, induction of a 
Ca conductance by veratridine was inferred by Schultz 
and Schade (1989). The was concluded from the induc- 
tion of Ca2+o-dependent ciliary reversal by veratridine, 
accompanied by an increase of cGMP (guanosine 3':5'- 
cyclic monophosphate), on the following basis. During 
ciliary reversal, V-dependent Ca channels, which are 
known to be localized exclusively in ciliary membrane 
(Ogura & Takahashi, 1976), are activated (see reviews by 
Machemer, 1988; Preston & Saimi, 1990). Pawn mu- 
tants are defective in these channels and, thus, cannot 
normally perform ciliary reversal (Saimi & Kung, 1980; 
Haga et al., 1982). However, they do reverse their cili- 
ary beat in response to veratridine and in parallel they 
produce increased levels of cGMP (Schultz & Schade, 
1989), an established factor of the reversal mechanism 
(Schultz, Pohl & Klumpp, 1986; Preston & Saimi, 1990). 
Though we do not question the validity of these results 
for ciliary reversal, in the context of exocytosis stimula- 
tion by veratridine we have important reasons to assume 
stimulation of Ca conductances in the somatic cell mem- 
brane. (i) Pawn cells and deciliated wild-type cells re- 
lease trichocysts in response to veratridine (Fig. 3). The 
irrelevance of ciliary Ca channels has been substantiated 
by local application of veratridine to individual cells in 
regions where they show perfect deciliation (Fig. 
4). Trichocysts are released in a normal way from such 
sites. (ii) This is the same result previously obtained 
with AED (Plattner et al., 1984) which causes a similar 
cGMP increase (Knoll et al., 1992) as described by 
Schultz and Schade (1989), though AED is known not to 
activate ciliary Ca channels (Plattner et al., 1984). Thus, 
an increase of cGMP does not necessarily imply activa- 
tion of cilia. 

In conclusion, the secretagogue effect of veratridine 
must operate via the somatic part of the cell surface. 
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Fig. 6. Typical freeze-fracture surveys, PF-faces, of cell membranes. (a) Unstimulated state, (b) after 80 msec stimulation by 2.5 mM veratridine 
(quenched-flow) and (c) after 20 sec exposure to 2.5 mM veratridine plus l0 mM Ca 2+ whose inhibitory effect on membrane fusion has been 
overcome by adding 1.2/.tM AED for 80 msec in a quenched-flow analysis. At three exocytosis sites (1-3), within the -300 nm large double rings 
(ri) of membrane particles delineating the exocytotically active zone, one can recognize: (a) a small group of large "rosette" (ro) particles, (b) 
exocytotic openings (eo) and (c) a large number of small particles (sp) typical for freshly resealed exocytosis sites. See Fig. 7 for enlarged views. 
50,O00x. 
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Fig. 7. Stages of membrane restructuring (fusion/opening/resealing) seen in PF-face freeze-fracture views of the cell membrane after different times 
of veratridine (2.5 mM) stimulation and quenched-flow analysis. Note delineation of exocytosis sites by a double particle ring (ri). (a) Unstimulated 
control with a small number of large rosette (ro) particles. (b-d) Increasing sizes of exocytotic pores, all observed during 80 msec veratridine 
stimulation. (b) An early focal fusion event (arrowhead) accompanied by appearance of a large number of small particles (sp). (c) An increased and 
(d) a maximally enlarged exocytotic opening (eo). (e,f) Collected 1 sec after stimulation, representing a "filled ring" with numerous small particles 
(sp) (e), or a "parenthesis" stage (f), respectively, characteristic of early or late membrane resealing stages (see text). Shadow casting from bottom 
to top. lO0,O00x. 

Some spillover of  Ca 2§ might occur, since we frequently 
observe a brief ciliary reversal during AED-stimulated 
trichocyst release (Plattner et al., 1985), although nor- 
mally regulation of  exocytosis and of  ciliary activity ap- 
pears rather clearly separated. Just like Schultz and 
Schade (1989) we also observed the independence of  the 
veratridine effect from [Na§ and the inhibitory effect of  
high extracellular Ca 2§ or Ba 2§ concentrations. They 
also noted the insensitivity to the Na channel antagonist, 
tetrodotoxin (TTX), which can antagonize Na§ ve- 
ratridine effects in metazoan cells, e.g., Na+/Ca 2§ ex- 
change following Na § entry (Kao & Cheung, 1990; 
Uezono et al., 1992). The inefficiency of  TTX led 
Schultz & Schade (1989) to assume the activation of  Ca 
channels by veratridine, as we can confirm. 

The somatic cell membrane has different Ca con- 
ductances (rev iewed by Machemer, 1988; Preston, 1990; 
Preston & Saimi, 1990). Which ones might contribute to 
veratridine stimulation? Mechanosensitive Ca channels 

are unlikely candidates, since they are restricted to the 
anterior part of the cell (Machemer, 1988; Kung, Saimi 
& Martinac, 1990), whereas exocytosis occurs over the 
whole cell surface, as shown in Results. (We also have 
ruled out unwanted mechanical stimulation by applica- 
tion of  the quenched-flow precedure.) For the same rea- 
son an anterior Na channel (Saimi, 1986) can be ex- 
cluded. This channel would also carry Ca, particularly in 
the absence of  Na+o (Saimi, 1986), but veratridine- 
stimulated exocytosis does not depend on [Na§ . A hy- 
perpolarization-sensitive Ca channel, of  so far unknown 
distribution over the somatic cell membrane, is defined 
by inhibition by 10 mM Ba 2§ or by 1 rn~ amiloride (Pre- 
ston, Saimi & Kung, 1992). While secretion stimulation 
by veratridine is inhibited by Ba 2§ it is not by amiloride 
(Table 2), and the same effect can be achieved with high 
[Ca2+] o as with Ba 2§ Therefore, this Ca channel is also 
an unlikely candidate. How veratridine-stimulated exo- 
cytosis is related to the somatic "Ca  leakage conduc- 
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Fig. 8. Quantitative evaluation of quenched-flow/free-fracture data obtained under different conditions of exocytosis stimulation. The medium 
normally contained 0.15 mM Ca 2§ Exceptions are samples with EGTA added (4.5 mM, resulting in <0.3 • 10 -7 M measured free [Ca 2§ in e) and 
samples supplied with additional Ca 2+ (10 mM i n f  and g). Ba 2§ (in the presence of 0.15 mM Ca 2§ was also 10 mM (h, i ) .  Stages are as presented 
in Fig. 7. Exocytotic openings of different sizes are pooled. Zero values are plotted below baseline. For more details, s e e  text .  

t ance"  (Machemer,  1988) or any other conductances  re- 
mains  to be settled. Interest ingly,  a leaky Ca conduc-  
tance occurs also with pawn  cells (Satow & Kung,  1980). 

CONCLUSIONS 

Though  the nature of  the Ca conductance  assumed to be 
activated by  veratr idine remains  unsett led,  it must  be 
localized on the somatic cell membrane .  Time-resolved  
45Ca2+-flux measurements  (as previously  done with A E D  
[Knoll  et al., 1992]) as well  as more  extensive  pharma-  
cological  and electrophysiological  studies might  clarify 

this aspect. The trigger effect of  both secretagogues,  
A E D  and veratridine,  appears different with regard to the 
origin of  Ca 2§ although the result ing [Ca2+]i increase 
might  cause the same downst ream effects. This  is im- 
portant  for further analysis  of  the signal t ransduct ion 
pathway in s t imulus-secret ion coupling.  
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